Deoxyribonucleic acid (DNA) base composition, differential biochemical properties, and DNA:DNA hybridization patterns of listeriae were studied. DNA from Listeria monocytogenes, L . grayi, and L . murrayi contained 38 to 40 mole percent guanine plus cytosine (% GC); however, DNA from L. denitrificans contained 56% GC. Hybridization studies indicated that L. murrayi and L. grayi were closely related and formed a homogeneous genetic group distinct from L. monocytogenes. L. monocytogenes strains could be separated into two groups on the basis of percent reassociation 'values with L . monocytogenes 19303, the reference strain. One group of six strains showed 80 to 100% relative reassociation with strain 19303; four strains showed only 40 to 70% relative reassociation. There was no correlation between virulence, origin, or serotype and the degree of molecular relatedness to the reference strain. L . denitrificans was distinct from the other three species of Listeria in biochemical properties and DNA composition, and the relative reassociation values for DNA from L . denitrificans with DNA from other listeriae were very low. It is suggested that consideration be given to the reclassification of L . denitrificans.
Listeria monocytogenes (Murray et al.) Pirie was first described in 1926 (11) and until relatively recently was the only recognized species of the genus Listeria Pirie. Since 196 1, three species, L. denitrificans Prkvot (12), L. grayi Larsen and Seeliger (8) , and L . muwayi Welshimer and Meredith (15) , which to date appear apathogenic, have been added to the genus. Most studies have been related to the role of L . monocytogenes in infections, and although the isolation, identification, and immunological properties have been investigated, little comparative information concerning the physiology and metabolic characteristics of Listeria is available. The four species of Listeria bear a superficial, morphological resemblance to the Corynebacteriaceae, the family to which L. monocytogenes was assigned in the seventh edition of Bergey ' s Manual of Determinative Bacteriology (1). The inclusion of Listeria monocytogenes in the family Corynebacteriaceae warrants reexamination in view of numerical taxonomy studies based on Adansonian principles (2, 5 , 6). One species, L. denitrificans, is quite different from the other listeriae (12) .
Our studies have been directed toward defining the intra-and intergeneric relatedness of strains which by present taxonomic criteria are classified as belonging to Listeria. As a prelude to examination of the taxonomic placement of the genus, a comparison of the four species of Listeria with respect to differen tial biochemical pro pert ies, d eo xyribonu cleic acid (DNA) composition and molecular relatedness as assessed by DNA:DNA duplex formation on nitrocellulose membrane filters was made.
MATERIALS AND METHODS
Bacterial strains, media, and biochemical tests. The bacterial strains used in this study are listed in Nutritional Biochemical Co.) per ml. The mixture was incubated with shaking for 1 h at 37 C, centrifuged, and suspended in saline-EDTA (0.15 M sodium chloride, 0.1 M disodium ethylenediaminetetraacetate) with 800 pg of lysozyme (A grade, Calbiochem) per ml. After incubation for 1 h at 37 C, 100 pg of Pronase (B grade, Calbiochem) per ml was added, and incubation continued for 1 to 3 h. The remainder of the purification technique followed the procedure outlined by Marmur. DNA samples were stored in 1 X SSC (0.15 M sodium chloride, 0.015 M trisodium citrate) over chloroform at 4 C.
T, determination. The thermal melting point (Tm)
of DNA was determined in 0.1 X SSC using a Gilford recording spectrophotometer (model 2400, Gilford Instrument Laboratories, Inc.) as described by Marmur and Doty (10) . Mole percent guanine plus cytosine (% GC) was calculated by using the following equation of Marmur and Doty (10): GC, = GCknown + 1/0.41 (Tmx -Tmknown). DNA from E. coli CSH-2 was used as the internal reference in each Tm determination.
Buoyant density determination. The buoyant density of the DNA was determined by isopycnic centrifugation in CsCl at 25 C in a Spinco model E analytical ultracentrifuge as described by Schildkraut et al. (13) . Densitometer tracings of the ultraviolet f i i s were made on a model 2400 Gilford recording spectrophotometer. The % GC was calculated from the buoyant density according to DeLey (3): % GC = 1038.47 ( p -1.6616). E. coli CSH-2 was used as standard reference DNA. The buoyant density of the reference DNA was taken to be 1.710 g/cm3 (1 3).
Preparation of radioactive DNA. Radioactive DNA was produced in L. monocytogenes 19303 and L.
grayi ATCC 19120 by incubation with [8-' 'C] adenine as follows. A 0.1-ml amount of a 24-h TD broth culture was added to 500 ml of TD broth and incubated without shaking for 17 h at room temperature (23 C). Fresh medium (100 ml) containing 200 pCi of [8-'4C] adenine (56 mCi/mmol; 100 pCi/ml, Schwarz-Mann) was added, and stationary incubation continued for 3 h. The cells were harvested by centrifugation and washed with saline-EDTA. DNA samples isolated from L. grayi ATCC 19120 and L. monocytogenes 19303 had specific activities ranging from 4,000 to 7,000 counts per rnin per pg of DNA.
Radioactive DNA from L. murrayi F-9 was obtained by incubation of log-phase cells grown in TD broth containing 100 pCi of [8-' 'C] adenine (50 mCi/mmol; 100 pCi/ml, Schwarz-Mann) and 2 X lo-' M deoxyguanosine. Label and deoxyguanosine were added simultaneously to a 12-h shake culture, and incubation was continued at room temperature with shaking for 8 h. The cells were harvested by centrifugation and washed in saline-EDTA. DNA isolated from L. murrayi F-9 had a specific activity of 3,600 counts per min per pg of DNA.
Labeled DNA was sheared by sonic treatment for 3 min using a Biosonik IV (Bronwill Scientific) set at 90. To prevent thermal denaturation, the DNA sample was held in an ice bath and sonically treated for 10 Hybridization and thermal elution. Filters loaded with 40 to 55 pg of unlabeled, single-stranded DNA were placed individually in scintillation vials containing 1.5 ml of 1.25 X Ssc plus 0.02 M tris (hydroxyme thy1)aminome thane-hydrochloride, pH 8, and 1 pg of sheared, denatured labeled DNA. Vials were incubated at 65 C for 20 h without shaking. After incubation the filters were removed and washed in 10 ml of 0.1 X SSC for 10 min at 55 C. Thermal elution profiles were obtained by washing the filters in 2.5 ml of 0.1 X SSC for 15 min at 5 C temperature increments from 60 to 85 C. Each aqueous sample and the fiter were placed in 15 ml of Triton X-100-toluene base scintillation fluid (666 ml of toluene, 333 m1 of Triton X-100, 5.5 g of 2,5diphenyl-oxazo1, and 
RESULTS
Biochemical differentiation of listeriae. The biochemical reactions which serve to distinguish between the four species of Listeria are given in Table 2 .
Determination of base composition of DNA.
The 5 % GC of DNA extracted from each species of Listeria calculated from both T m and buoyant density determinations are given in Table 4) . These strains are all virulent isolants from human cases of listeriosis. Both L. monocytogenes T, b and T, b had fewer nucleotide sequences in common with strain 19303, and the duplexes formed were somewhat less stable. The L. monocytogenes strains designated V were isolated from vegetation in Hanover county, Va. L. monocytogenes V-7, a virulent isolant, appears to be identical to the reference strain. Strain V-12, also very closely related to 19303, is an avirulent isolant. The other two isolants, V-8 and V-11, had fewer nucleotide sequences in common with 19303; both strains are avirulent.
The molecular relatedness of the other species of Listeria to L. monocytogenes 19303 is shown in Table 5 . L. grayi and L . murrayi were considerably less related to L . monocytogenes 19303 than were isolants identified as L. monocytogenes. L. denitrificans shared only 20% of its nucleotide sequences with L. monocytogenes 19303. Table 6 shows the relative reassociation of labeled DNA from L. rnurrayi F-9, the type strain (1 5 ) , with DNA from other listeriae. All strains of L . murrayi were closely related. Strains F-6 and F-11 gave consistently high percent reassociation values with L. murrayi F-9 with near perfect duplex formation; L. rnurrayi F-2 and F-12 exhibited fewer nucleotide sequences in common with the type strain. Strains F-2 and F-12 are distinguishable from other isolants identified as L. murrayi by their inability to produce acid from rhamnose. Hybrid duplexes formed between L. murrayi F-9 and L. grayi ATCC 19 120 indicated 7 1 % of the nucleotide sequences were shared by both species, although the duplexes were slightly less stable than those formed by the homologous system. V-1, to our knowledge the only other isolant of L. grayi, gave somewhat lower numerical value, but the duplexes were perfectly matched. The L. monocytogenes strains exhibited relative reassociation values with L. murrayi which ranged from 9 to 30%, and the decreased thermal stabilities indicated considerable base mispairing. L. denitrificans was least related to L. murrayi F-9. a The % GC values given are averages of at least three determinations using different DNA extractions. Table 7 shows relative reassociation values for labeled DNA from L. grayi ATCC 19120, the type strain (8), with DNA from other listeriae. As expected, L . grayi V-1 was most closely related to the type strain. L. rnurrayi strains showed relatively high reassociation values with only slight base mispairing. L. monocytogenes strains were much less related, and the hybrid duplexes formed were, in general, less well matched. Again, L. denitrificans was the least related to the reference strain.
Results of reciprocal binding reactions between L. monocytogenes 19303 and L. grayi ATCC 19120, L . rnonocytogenes 19303 and L. murrayi F-9, and L . grayi ATCC 19120 and L. rnurrayi F-9 were nearly identical in thermal stability ; how ever, no nr ecip ro cal binding appeared to occur in reactions between L. murrayi F-9 and L . rnonocytogenes 19303 and L. grayi ATCC 19120 and L. monocytogenes 19303. L . grayi ATCC 19120 showed 9% less binding to L. monocytogenes 19303 than the reciprocal reaction, and L. monocytogenes 19303 showed 5% less reassociation with L. murrayi F-9 than the reciprocal reaction. L. grayi ATCC 19120 bound only 2% less to L . murrayi than the reciprocal case. These apparent differences may reflect inherent differences in purity of certain of the DNA preparations used for hybridization, unknown differences in experimental method, or a difference in genome size of these organisms. Genome size determinations have not yet been made.
DISCUSSION
With the exception of L. denitrificans, listeriae form a homogeneous group with respect to composition of DNA. L. denitrificans also differs from the other listeriae in numerous taxonomically important reactions. It is the only species of Listeria which produces acid from xylose and arabinose and does not produce acetylm et hylcarbinol. Furthermore, L. denitrificans is the sole member of the genus to produce metachromat ic granules, accumulate fat droplets, and give a positive benzidine test.
Based on hybridization studies, L. monocytogenes strains may be separated into two easily distinguishable groups ( Table 8 t o L. murrayi and L . grayi, however, is similar to that of the first group. The two strains of L. grayi showed relatively high and comparable degrees of relatedness to L. murrayi F-9 but far fewer nucleotide sequences in common with L. monocytogenes. L . grayi is distinguished from L. murrayi only by its ability to reduce nitrate ( Table 2) . The ability to produce acid from mannitol is shared by both of these species and differentiates them from L . monocytogenes. Both L . grayi and L. murrayi lack H factors in common with L. monocytogenes ( 8 , 15) . Although the serotypes of L. grayi Reassociation values for DNA from the sole strain of Listeria denitrificans studied with any of the other species of Listeria were quite low.
These studies indicate that the two avirulent species, L. murrayi and L . grayi, are quite closely related. Further, our hybridization results suggest that L. murrayi and L . grayi comprise a homogeneous genetic group distinct from L . monocytogenes. Although there is no notable demarkation in the classical taxonomic
